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Green infrastructure is increasingly being considered for application in urban stormwater management designs. Many municipalities, regulatory agencies and advocacy groups promote the use of low impact development (LID) to reduce runoff and increase infiltration. To show LID benefits, engineers must quantify the advantages of green versus traditional grey infrastructure.
The United States Environmental Protection Agency (USEPA) updated its storm water management model (SWMM5) with explicit LID controls in 2009 to assist engineers in quantifying the benefits of green infrastructure. SWMM5 now simulates five LID devices: bio-retention cells, infiltration trenches, porous pavements, rain barrels and vegetated swales.
Limited documentation is available regarding modeling techniques using the LID controls, although the SWMM Applications Manual (Gironas et al., 2009 ) discusses modeling LID using SWMM5 features available before the LID controls were added. This study represents an initial evaluation of different SWMM5 modeling approaches using SWMM5 LID controls. No field measurements were performed. The discussion is limited to a modeling evaluation of the SWMM5 LID controls.
An example from the SWMM Applications Manual was chosen as the base case for this study. The specific example was chosen because it contains multiple sub catchments, each approximately five acres (2.03 ha) or less.
The example was modified from a developed condition without green infrastructure to include LID devices. Five subcatchments were altered to include LID controls. A sixth subcatchment was left as a control subcatchment. A seventh fully pervious subcatchment was also left as is. Several simulations were conducted to assess the effectiveness of the SWMM5 LID controls.
Each LID device was modeled as its own subcatchment and then as part of the existing subcatchment. Simulation results were inconsistent. In several simulations, the LID control increased peak and total runoff. Also, a simple sensitivity analysis indicated that only one parameter affected results. A third approach of simply routing impervious areas to pervious areas before sending runoff to an outlet was also modeled and produced results that showed a decrease in peak runoff values which indicate that the approach may sufficiently model the effect of green infrastructure.
Methodology
Modeling Techniques
Designed to capture surface runoff, LID practices provide detention, infiltration, evapotranspiration, or some combination of the three. SWMM5 represents LID practices through the LID Controls option in the Hydrology section of the Data tab. By defining the LID practices in this way, they are considered properties to be attributed to the individual subcatchments and multiple LID controls can be assigned to each subcatchment. SWMM5 allows the user to choose one of two approaches for placing LID controls:
1. Create a new subcatchment dedicated exclusively to a single LID control; and 2. Place one or more LID controls within an existing subcatchment, displacing an equal amount of non-LID area from the subcatchment. Using the first approach, only one LID control is represented by a single subcatchment. In this configuration, the LID controls may only act in series. To make the LIDs work in series, simply route one LID subcatchment to another. Under this configuration, the LID controls cannot act in parallel because only one outlet can be specified for each subcatchment. If this approach is being used for an existing model (e.g. a retrofit situation or similar) after the new LID subcatchment is created, the original subcatchment's area, percent impervious, and width parameters must be adjusted to compensate for the area taken by the LID.
If this approach is used in a new model, the area of the LID subcatchment should not be double counted in the non-LID subcatchment area. Figure 12 .1 shows the layout for using the first approach to modeling LIDs using the SWMM5 LID controls. Using the second approach, multiple LID controls can be placed in a single subcatchment. In this configuration, the LID controls can only act in parallel. It is not possible to route flow from one LID control to another when multiple LID controls are specified for a single subcatchment. When the LID controls act in parallel, each control accepts runoff from a different portion of the subcatchment. However, it is not possible to specify which portion of the runoff flows to a specific LID control, other than by specifying the type of tributary area (pervious or impervious). Under the second approach, the subcatchment's percent imperviousness and width parameters must be adjusted to reflect the inclusion of the LID control. Figure 12 .2 shows the layout for using the second approach to modeling LIDs using the SWMM5 LID controls. The properties of the LID controls are specified on a per-unit-area basis allowing the same LID to be placed in several subcatchments with different areal coverage. Each LID control consists of a combination of vertical layers. A moisture balance between each layer is tracked during a SWMM5 simulation and is the basis for the LID results.
SWMM5 Base Model
The base model in this chapter was built from the example included in the downloadable SWMM5 Applications Manual. This example was chosen because it contains multiple subcatchments, each having a maximum area of 5 acres (2.03 ha). The example was modified from a developed condition without green infrastructure to include LID devices. Five subcatchments were altered to include LID controls (S1-S5). A sixth subcatchment was left as a control subcatchment (S6). A seventh fully pervious subcatchment was also left as is (S7). Figure 12 .3 shows the layout of the base model. Several simulations were conducted to assess effectiveness of the SWMM5 LID controls. This study is limited to simulation results. No field data were collected. This evaluation method is not comprehensive and has limitations, but it is applicable for evaluating the results provided strictly by the LID control simulations.
Simulation Procedure
Each LID device was modeled as its own subcatchment and then as part of the existing subcatchment. The LID device was assigned 10% of the impervious or pervious catchment area, based on the type of control. For instance, Rain Barrels and Porous Pavement were assigned 10% of the impervious area while Bio-Retention, Infiltration Trenches, and Vegetative Swales were assigned 10% of the previous area. Due to the highly localized nature of green infrastructure development, sizing guidelines are highly site dependent and no rule of thumb ratio of green infrastructure size to drainage area has been recognized (Heitz et al., 2000; Akan, 2002; Mungasavalli and Viraraghavan, 2006 ). An assumption of the ratio of LID to tributary area was required for this study. It was assumed that a typical residential lot could designate 10% of the total impervious or pervious area of the parcel for the implementation of green infrastructure.
Each LID control has its own unique set of input parameters. The parameters used in this study were obtained from the references provided at the end of this chapter. Based on the soil characteristics of the base model, the appropriate LID control parameters were selected from the published ranges. Simulations were conducted with and without LID controls present for a 3 month event and a 2 y event. The 2 y event is included with the base model from the SWMM Application Manual. The 2 y event was scaled to a 3 month event to preserve the shape of the rainfall hyetograph and to maintain the storm duration. Comparisons were made between the peak runoff and total runoff volume for each event with and without LID controls. It was expected that the LID devices would reduce both peak runoff and total runoff volume.
Results and Discussion
Simulation Results Approach 1
The results from all 3 month event separate LID subcatchment simulations are summarized in Tables 12.2 and 12.3. Inconsistencies in the results are evident (bold font values in tables). The peak runoff values indicated by the model for the vegetative swale are greater than the peak runoff without LID present. The most consistent, reliable and reasonable results for both peak runoff flow rate and total runoff volume were generated from routing impervious areas to pervious areas prior to routing the surface flow to a receiving junction node. For the simulations where impervious runoff was routed to a pervious catchment, no LID control was modeled.
Because no runoff was generated for the infiltration trench, porous pavement, and rain barrel LIDs, it is assumed that these devices are grossly oversized. No conclusions can be drawn from the results of the simulations that do not produce runoff. The total runoff volume modeled for the vegetative swale is greater in subcatchment S4 than the total runoff volume from the model without LID controls present.
The results from all 2 y event separate LID subcatchment simulations are summarized in Tables 12.4 and 12.5. Inconsistencies in the results are evident (bold font values in tables). The peak runoff values indicated by the model for the vegetative swale are greater than the peak runoff without LID present. For several subcatchments with bioretention (S1, S3, and S4) the modeled peak runoff is greater than the modeled peak runoff without LID present. The most consistent, reliable and reasonable results for both peak runoff flow rate and total runoff volume were generated from routing impervious areas to pervious areas prior to routing the surface flow to a receiving junction node. For the simulations where impervious runoff was routed to a pervious catchment, no LID control was modeled. Because no runoff was generated for the infiltration trench, porous pavement and rain barrel LIDs, it is assumed that these devices are grossly oversized. No conclusions can be drawn from the results of the simulations that do not produce runoff. No inconsistencies were noted when the results for the total runoff volume for the 2 y event were modeled. 
Simulation Results Approach 2
The results from all 3 month event simulations where the LID area was included in the original subcatchment are summarized in Tables 12.6 and 12.7. Inconsistencies in the results are evident (bold font values in tables). The peak runoff values indicated by the model for the Vegetative Swale are greater than the peak runoff without LID present. Because no runoff was generated for the infiltration trench, porous pavement, and rain barrel LIDs, it is assumed that these devices are grossly oversized. No conclusions can be drawn from the results of the simulations that do not produce runoff. In Table 12 .7, no inconsistencies were noted when the results for the total runoff volume for the 3 month event were modeled.
The results from all 2 y event separate LID subcatchment simulations are summarized in Tables 12.8 and 12.9. Inconsistencies in the results are evident (bold font values in tables). The peak runoff values indicated by the model for the vegetative swale are greater than the peak runoff without LID present. For one subcatchment with bioretention (S3) the modeled peak runoff is greater than the modeled peak runoff without LID present. Because no runoff was generated for the infiltration trench, porous pavement, and rain barrel LIDs, it is assumed that these devices are grossly oversized. No conclusions can be drawn from the results of the simulations that do not produce runoff. In Table 12 .9, no inconsistencies were noted when the results for the total runoff volume for the 2 y event were modeled. 
Simulation Results Sensitivity Analysis
A sensitivity analysis was performed on the vegetative swale LID control as its own subcatchment (Table 12 .10) and as part of the existing subcatchment (Table 12 .11) for the 2 y event. Each parameter was isolated and varied by several orders of magnitude to test the robustness of the model. For almost every sensitivity simulation, the peak runoff increased (bold font values in tables). This is the opposite of the expected performance of the LID. Results of the sensitivity analysis indicate that only the amount of vegetative cover influences the model results. This parameter is input as the percentage of the surface area covered by vegetation. The greatest reductions in runoff are seen for the lower percentages of vegetative cover. This result was not expected and leads to some uncertainty in the reliability of its application.
Findings and Observations
With the increasing interest in understanding how green infrastructure may be utilized to meet numerous wet weather flow demands, the LID controls are a welcome addition to SWMM5. Many public and private entities are considering the use of green infrastructure in future development or as remediation techniques for stormwater problems. The SWMM LID controls are potentially a useful tool for analyzing the impacts of green infrastructure. The proper implementation and representation of green infrastructure in the SWMM5 model is critical to generating reliable results.
The model simulation results presented in this chapter indicate inconsistencies regarding the expectation of the results. It was expected that the implementation of LID controls would reduce the peak runoff flow rates from the catchments and reduce the total runoff volume, or at least stay about the same based on the model setup, but certainly not that they would increase. Runoff results from the 3 month bioretention simulations as well as all vegetative swale simulations show an increase in the peak runoff flow rate. This is not only counter-intuitive and unexpected, it is clearly incorrect. The LID control type modeled on a specific catchment also contributed to the variability in magnitude and direction of peak runoff flow rates. Total runoff volume appeared to produce more consistent results than peak runoff, meaning that total runoff volume decreased or remained constant depending on precipitation depth. The most consistent, reliable, and reasonable results for both peak runoff flow rate and total runoff volume were generated from routing impervious areas to pervious areas prior to routing the surface flow to a receiving junction node.
The sensitivity analysis shows that changing parameters of the vegetative swale LID control by orders of magnitude had little or no impact on the results. The Vegetative Cover parameter did impact the results of the sensitivity analysis and produced questionable outcomes.
This evaluation raised some questions and concerns regarding the SWMM5 LID controls. We recognize that it is not a comprehensive evaluation of the topic. Some potential additional steps to better understand the LID controls would be to collect field data to calibrate the model using different LID practices. Further evaluation could also be helpful by utilizing a continuous rainfall record that includes a range of rainfall events to better understand how the LID controls function. Based on the current model simulation results from this initial evaluation, it is recommended to use the SWMM5 LID controls with caution.
